Abstract-The in-flight measurement of particle parameters (size, velocity, temperature, and local number density) can provide insight into the plasma processing of solid materials. A measurement technique for simultaneously obtaining the size, velocity, and temperature of particles entrained in high-temperature How fields is described. Particle size and velocity are obtained from a combination laser-particlesizing system and laser Doppler velocimeter (LDV). The particle temperature is determined by a two-color pyrometry technique and the data rate is a measure of relative particle number density. Typical measured temperatures and velocities for the 5-100 pm particles used in plasma spraying are 1600-3500 K and 100-300 m/s, respectively. Since particle size, velocity, and temperature are measured simultaneously, cold particles ( < 1600 K ) are identified and their relative number density can be quantified. Data from two plasma spray systems, a metal (NI-AI) and a metal oxide (A1203), are presented and their application to understanding the plasma spray-coating process illustrated.
I. INTRODUCTION HE BEHAVIOR of a particle and the interactions be-T tween a particle and the plasma surrounding it are important in the understanding, development, and optimization of plasma processes which involve fine powders, such as plasma spraying. These behaviors are also important in chemical processes which involve the introduction or production of material in the form of fine powders. To fully characterize the particle flow field, it is necessary to measure the particle size, velocity, temperature, and number density. In many cases, it is useful to measure simultaneously several parameters that are often strongly coupled, such as particle size and temperature, or size and velocity. In this paper we will describe a measurement technique for simultaneously obtaining the size, velocity, and temperature of particles entrained in a high-temperature flow field. In addition, the relative local particle number density is determined by the measurement data rate. A number of results on two typical spray systems (NI-A1 and A1,03) will be used to illustrate the utility of in-flight diagnostics in understanding the plasma spray process.
Due to the hostility of the environment, measurement systems for plasma flow-field characterization are generally nonintrusive laser-based techniques. Typical parti- Manuscript received May 15. 1990; revised September 14, 1990. cles are 5-100 pm in diameter and have velocities in the 100-500 m/s range. The resulting particle observation times are on the order of a few microseconds. In the work described here, particle size is determined from the absolute magnitude of scattered laser light, particle velocity is determined by a dual crossed-beam laser Doppler velocimeter (LDV), and temperature is determined from a two-color pyrometer technique. A multiline Ar ion laser is used as the light source for velocity and sizing. The LDV measurement volume, consisting of the intersection of two 5 14-nm beams, is situated in the center of the larger diameter 488-nm laser beam. The intersection of the LDV measurement volume and the second beam constitutes the particle-size measurement volume. Simultaneously, the light emitted by the hot incandescent particle in two wavelength bands is observed; the particle temperature is derived from these two signals. The spatial resolution of < 1 mm3 is such that the distribution of particle size, velocity, and temperature can be mapped over typical flow fields.
11. PREVIOUS WORK While considerable work has been performed separately in the areas of particle sizing, particle velocity, and particle temperature, very little attention has been paid to the simultaneous measurement of all three parameters. A notable exception is the development of a technique to study coal combustion by Tichenor et al. [l] . This technique uses an image-plane-coded aperture to obtain particle size; a transit timing technique to determine one component of velocity; and two-color pyrometry, assuming graybody emitters, to determine temperature. The technique has been demonstrated at temperatures to 1660 K on 100 to 500 pm coal particles at flow velocities of less than 10 m/s.
Particle-size measurement techniques have been developed by many researchers and the literature is extensive. Reviews have been published, for example, by Hirleman [2] on laser-based single-particle counters, and by Durst [3] on combined measurement of particle size and velocity by a laser Doppledfringe visibility technique. The most popular technique, and one which avoids the ambiguities of the Doppler technique for widely varying particle sizes, is the measurement of the absolute magnitude of light scattered by a particle [4] [5] . If the light-collection geometry is correctly chosen, then a monotonic re-U . S . Government work not protected by U.S. copyright lationship between scattered intensity and particle diameter exists. Two common geometries are near-forward scattering [4] and 90" scattering [6] .
The application of absolute techniques on a particle by particle basis is complicated by trajectory ambiguity. That is, a large particle crossing the edge of the control volume is confused with a smaller particle having a more median trajectory. Because of this ambiguity it is impossible to assign each signal a corresponding size. Only the particlescattering probability density function may be obtained. If the assumption of trajectory equiprobability is made, then the particle-size distribution may be obtained by a mathematical inversion scheme [4] . The necessity for inversion and the direct assignment of a unique size to each particle can be avoided by only recording signals from particles localized near the center of a Gaussian laser beam
[5] or a tophat beam [6] . A typical technique is to locate a laser Doppler velocimeter measurement volume in the center of the sizing beam and to record size data upon observance of a valid Doppler burst.
In-flight measurement of the temperature of small particles has also been successfully performed by a number of researchers. Gurevich and Shteinberg [7] described a two-color technique for measuring the temperature of burning droplets of liquid fuel early as 1958. Later, Kruszewska and Lesinski [8] reported the first application of an absolute radiance technique to the measurement of single-particle temperature in a plasma torch. The sample volume consisted of a chord through the flow field. The technique was further developed by Vardelle et al. 191 and extended to a two-color technique by Mihsin et al. [lo] . In related work, Jorgensen and Zuiderwyk [ 111 investigated a similar technique applied to individual combusting particles. Vardelle et al. [ 121 overcame the limitations of the chordal measurement by developing a coincidence technique. In this technique the plasma is viewed by two optical systems located at 90" to each other. Each system with its aperture forms a region in space where a particle, when present, will produce a signal in a detector. The intersection of these two regions forms a localized measurement volume. Recently, an in-flight coincidence technique that integrates a particle temperature measurement with the measurement of particle size has been demonstrated [ 131. These measurements were made using a twocolor pyrometric technique to determine temperature and the absolute magnitude of forward-scattered laser light to determine particle size.
DESCRIPTION OF HARDWARE
The measurement system developed for the simultaneous measurement of particle size, velocity, and temperature integrates a crossed-beam LDV system with a scattered-light particle-size measurement and a high-speed two-color pyrometer. A schematic of the measurement system optics appears in Fig. 1 Localization of the LDV measurement volume in the center of the sizing beam and the requirements of coincidence between a particle-size signal and a Doppler burst avoids the trajectory ambiguity problem in particlesize measurement. The receiving optics observe the measurement volume at a right angle to the laser beam and consist of a lens combination which images the measurement volume onto an aperture. The image of the aperture is transferred to the faces of detectors D , through D4. A dichroic beam splitter passes the light from the green and blue velocimetry and sizing beams and reflects the longer wavelength portion of the spectrum into the particle temperature detectors D3 and D4 through bandpass filters. The filters used for pyrometry are 40-mm FWHM centered at 600 and 700 nm, respectively. GaAs photocathode photomultipliers are used. The light passed by the dichroic enters the particle sizing and velocimetry detectors, D, and D2, through laser line filters (1-mm FWHM) centered at 488 and 514 nm, respectively. While absolute radiance techniques for temperature measurement have inherently smaller measurement uncertainties than two-color techniques, knowledge of the particle size and emissivity is required. The absolute radiance techniques also suffer from a trajectory ambiguity problem; i.e., a small particle centered on the measurement volume may give the same signal as a large particle on the edge of the measurement volume. Additionally, in a system in which vaporization is taking place, the particle size is continually changing. The two-color technique avoids this ambiguity by using a common aperture and taking the ratio of signals in each of two wavelength ranges. This ratio is a function of the relative sensitivities of the two detector systems, the ratio of surface emissivities, and the particle temperature.
The current pulse emitted by the photomultipliers upon observation of a particle is converted to a voltage pulse by a 5 0 4 input, dc-150 MHz response pulse amplifiers. A counter-type signal processor is used to derive velocity data from individual Doppler bursts. The first positive cycle of the Doppler burst gates a programmable clock, which then controls four digitizers. A system controller and 128K memory module complete the CAMAC format data-acquisition system. Once the programmable clock is triggered, a predetermined number of samples (generally 20) are recorded by the individual digitizers. The sample rate is set according to the general characteristics of the wave forms as determined by particle velocity. After acquisition of a predetermined number of particle waveforms, the data are transferred to a microcomputer for subsequent processing. Data processing includes consistency checks to determine if valid data on size, velocity, and temperature channels exist simultaneously and at the same temporal location in the recorded waveform. Valid size and velocity data and the absence of temperature data indicate the presence of a cold ( < 1600 K ) particle. The data are converted to engineering units using calibration factors determined prior to testing.
IV. CALIBRATION A N D MEASUREMENT UNCERTAINTY
The two-color pyrometer system is calibrated against a standard tungsten ribbon lamp. The temperature of the tungsten ribbon is determined by a disappearing wire pyrometer. The lamp is placed behind a chopper rotating at constant speed to simulate the passage of particles through the measurement volume. Using the calibration data, the constants A and B in (1) are determined by a nonlinear curve-fitting procedure, where R is the ratio of voltages from the two pyrometer channels:
The uncertainties in the determination of temperature arise from uncertainties in the coefficients A and B; the ratio of emissivities, e 2 / e l ; and random fluctuations in the ratio of voltages R. The random error in R is evalutated from the calibration data and results in an uncertainty of 42 K. The uncertainties in the coefficients A and B are estimated from the statistics of the curve fit and are 3% and 8.1 %, respectively. The error due to the assumption of a graybody (i.e., that the ratio of emissivities is unity) is 2 % or less for particles which are not violently vaporizing or undergoing chemical reaction. This leads to an estimated 1 standard deviation (SD) uncertainty in temperature of 125 K at 2500 K. The major source of uncertainty is random fluctuations and long-term drift in the photomultipliers.
Calibration of the particle-size measurement system is performed against a Berglund-Liu vibrating-orifice aerosol generator using methanol as the working fluid. A correction to this calibration, based on Mie scattering theory and published values of the particle's index of refraction, is then generated. Finally, the calibration is checked aganist actual particles. The major sources of uncertainty are in the calibration standard and fit of the calibration coefficients, and random and long-term drift in the photodetectors. This leads to an estimated 1 SD of 4. 9 pm.
In calibrating the laser Doppler velocimeter, only the laser wavelength and angle between the beams is required to establish the relationship between the velocity of the scattering particle and the frequency output of the photodetector. The accuracy of the counter processor is checked against a standard function generator. The estimated velocity uncertainty is less than 5 % .
V. TYPICAL RESULTS
In this section, results on the behavior of single particles relative to the plasma spray-coating process are examined. The plasma torch geometry is shown in Fig. 2 . Particles are injected on the diameter of the anode inside the body of the torch. Typical torch-operating conditions are 800 A at 35 V, for a total power input of 28 kW.
Approximately 68% of the total torch power is deposited in the gas. The inlet plasma gas-flow rate is 2830 L/hr of argon and 1330 L/hr of helium; the particle carrier gas flow rate is 368 L/hr, also argon. The powder injection rate is variable between approximately 0.25 and 5 kg/hr, independent of the carrier gas-flow rate. All results were obtained in air at an atmospheric pressure of 85.5 kPa.
Alumina particles (A1203) have been used extensively at this laboratory as a baseline spray system. Alumina powders are commercially important, inexpensive, chemically inert, and feed reliably. The particles are irregular, sharp-edged shards ( Fig. 3(a) ) with 80% falling in the 25 to 37 pm size range. Also shown are sprayed particles that cooled before impact (Fig. 3(b) ) and after impact on a substrate (Fig. 3(c) ). The data indicate that virtually all the particles are fully molten on impact. Typical histograms of particle size, temperature, and velocity are shown in Fig. 4 . The measurement location is on the nozzle centerline at an axial location of 80 mm. The relatively narrow particle-size distribution (Fig. 4(a) ) results in a similarly narrow temperature distribution (Fig. 4(b) ). The particle velocity distribution (Fig. 4(c) ) exhibits a low velocity tail that generally corresponds to the large particles in the size distribution. The average measured centerline particle temperature is illustrated in Fig. 5 . Also shown in this figure is ther- mocouple gas temperature data starting at 160 mm. The thermocouple failed at 65 mm. Emission spectroscopy indicates that the plasma temperature at 40 mm is approximately 8000 K. The steep temperature gradient between 40 and 70 mm implies that the plasma temperature crosses the melting point of alumina at an axial location between 65 and 70 mm. The average particle surface temperature at 40 mm from the torch exit is slightly above the melting point of alumina. Due to the bright plasma background, this is as close to the nozzle exit that a particle temperature measurement can be made. The particle temperature remains near the melting point of alumina out to about 150 mm. Splat tests on stainless steel substrates were also conducted at various axial locations (Fig. 6) . The splat tests indicate that significant numbers of particles still contain solid cores at 40 and 60 mm. The melting process is still underway well into the tail flame of the torch. Once
Axial distance from face of torch (mm) Fig. 7 . Alumina average centerline particle velocity.
molten, the particles remain in their molten state for a relatively long-flight distance before freezing. Average centerline velocity data indicate that the particles are still accelerating upon exiting the torch (Fig. 7) and are slowly decelerating in the region where the substrate is normally located. The kinetic energy associated with the particle velocity results in a temperature rise on the order of 50 K at impact on the substrate. Generally, a temperature increase of this magnitude should not strongly influence the coating characteristics for fully molten particles. However, the particle velocity does control the particle residence time in the plasma and strongly influences the condition of the particle upon impact with the substrate. The local relative particle number density data for top single-point injection in both vertical and horizontal planes (Fig. 8) indicate that the particle flow field is asymmetric with respect to the centerline of the torch. The average particle size data (Fig. 9) do not, however, indicate any significant aerodynamic particle sizing, although a slight trend is suggested. In general, for equal injection velocities the larger heavier particles will be preferentially distributed near the top of the graph, farthest from the injection point. The behavior indicated in Fig. 9 is contrary to this expectation. The observed effect may be explained by the velocity distribution of the particles at the injection point. Despite the skewed nature of the particle flow field, the radial particle temperature data are remarkably uniform (Fig. 10 ). The effect of particle injection rate or particle loading was investigated by observing changes in average particle velocity and temperature at the normal substrate standoff distance of 76 mm. These data versus powder injection rate are plotted in Figs. 11 and 12 , respectively. At powder injection rates typical for industrial spraying, the effect of particle loading is insignificant. Spray-coating systems tend to be quite dilute in concentration ( e3000 particles/cm3) and, even though the mass flow-rate fraction of the particles is significant (30% ) compared to the gas-flow rate, the energy extracted from the plasma that goes into heating the particles and the momentum transfer required to accelerate the particles is only 1 to 2% of the Size (diameter urn) Fig. 9 . Alumina average distribution of particle size total available. The implication is that the particle heat, mass, and momentum transfer are controlled locally in lightly loaded spray systems with little particle/particle interaction through the intermingling of wakes or overall affect on the plasma flow field. The NI-A1 spray system proved to be more interesting than alumina in that significant flow-induced particle sizing and an apparent fracturing or stripping of molten material to form smaller particles occurred. Fig. 13(a) illustrates the particles as received from the manufacturer which consist of a Ni coated with a NI-A1 alloy. Fig.  13(b) shows the particles after spraying and cooled in flight without impact. Note that many of the larger particles appear to be only partially melted or relatively unaffected and that many smaller particles have appeared. A typical in-flight particle-size histogram, along with the initial particle-size distribution, obtained by sieving the as-received particles appears in Fig. 14. Only the particles which gave simultaneously valid temperature and size data are represented. The absence of significant numbers of large particles on this plot is because they were not hot enough to give valid temperature data. This suggests that many of the large particles are not molten on impact. In examining the coated substrate ( Fig. 13(c) ), this behavior is confirmed. The ability to simultaneously measure size, velocity, and temperature allows the detection of relatively cold particles, even though they do not produce signals in the pyrometry channels. Techniques which measure temperature only do not account for the presence of cold particles. The average radial particle size, velocity, and temperature distribution data appear in Figs. 15 O A through 17. In these figures it is apparent that for the NI-A1 system there is significant flowhnjection-induced particle sizing, a pronounced tilt in the velocity profile, and a measurable tilt in the particle temperature distribution. The observed spatial distribution of size is consistent with intuition in that the larger, heavier particles appear farthest from the injection location. The measured particle temperatures are in excess of the melting point of pure nickel, 1725 K. High-nickel-content Ni-AI alloys will melt at a slightly higher temperature, approximately 1900 K. The measured particle temperatures on the edges of the spray field are within the 2 SD measurement uncertainty of this value. Note that the relative, point-to-point measurement uncertainty is much less than the absolute value.
The data indicate that the smaller particles are molten at impact and suggest that they may be produced by a fracturing process rather than by stripping of a molten surface layer. Two-dimensional histograms of particle size and velocity, and particle size and temperature, appear in Fig. 18 . The axial location is the nominal standoff distance of 76 mm. Two radial locations are shown: The torch centerline ( Fig. 18(a) and (b)), and 16 mm (Fig. 18(c) and (d)) near the edge of the particle spray field. The skewed nature of the particle flow field is readily observed in the histograms. It is interesting to note that near the torch centerline, the particle-size distribution is significantly narrower than near the edge of the spray field. Conversely, the velocity and temperature distributions at the edge are somewhat narrower than at the center. The particle temperatures are closely coupled to the residence time in the plasma, which is determined, to a large extent, by the velocities of the particles. A possible explanation for the observed behavior is that the smaller particles near the centerline of the torch are strongly affected by the largescale velocity fluctuations in the plasma flow field, while the larger, less responsive particles show a smaller effect. The implications for the spraying process are that, for a raster scan-type of deposition scheme, the size and temperature of the particles deposited will preferentially occur at different depths in the deposit. Depending on the direction of the scan, the smaller, hotter particles will be (C) (4 Fig. 18 . Two-dimensional size and velocity, and size and temperature histograms for axial location of 76 mm. (a) and (b) Centerline data. preferentially deposited either nearer the surface of the substrate or nearer the surface of the coating. In addition, the larger particles, including the largest which may not be fully molten, will also be preferentially deposited. The phenomena observed here have the potential, upon detailed examination of coatings and assessment of coating quality, to lead to a better understanding of the relationship between spray torch and injection parameters and coating integrity.
VI. CONCLUSION
Techniques developed for the in-flight measurement of particle size, velocity, and temperature in plasma spray fields have proven to be useful in furthering the understanding of plasma/particle interactions and ultimately their impact on the plasma spray-coating process. This type of data also constitutes a very useful basis for the evaluation and development of modeling and computational techniques. The data presented here are generally consistent with other studies in the literature. Due to variations in torch geometry, power, gas mix, injection geometry, etc., a detailed comparison with published results has not been attempted. From the representative results presented here, the following conclusion can be drawn:
particle-carrier gas-injection rate, since the carrier gas may constitute a significant fraction of the total gas flow.
2) The particle injection geometry and particle velocity and mass significantly affect the spatial distribution of particle size in the plasma plume and thus can significantly alter the characteristics of the deposited coating. This may be particularly significant in cases where unmelted particles are present. Additionally, the size distribution of particles may be significantly altered during heating by fracturing and/or aerodynamic stripping of a molten surface.
3) Even though aerodynamic and injection-dependent sizing effects exist and the resulting particle trajectories in the plasma can be significantly different, the resulting spatial distribution of particle temperatures in this study is only slightly affected (100-200 K ) .
4) In-flight particle parameter data (particle size, velocity, temperature, and number density) provides the necessary link between the spray process parameters and the coating characteristics. Data of this type will eventually lead to more detailed and physically accurate models describing the spray-coating process. The result will be greater insight into the important parameters in the process and, ultimately, better coatings.
1) The particle velocities and temperatures are insensitive to the particle injection rate over the loading range studied. conversely, the injection rate, or particle loading, has little effect on the plasma flow field for typical spray loadings. This is not necessarily true for the
